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A B S T R A C T   
Biological invasions severely impact on marine ecosystems around the world, but to date management is rare and 
has not previously been attempted in Africa. This study documents a trial management programme aimed at 
informing a national management strategy for the invasive European shore crab, Carcinus maenas, in South 
Africa. The approach involved testing control methods used elsewhere (baited traps, crab condos, diver collec-
tions and sediment dredging) and adapting these to the local context. Following these trials, baited traps were 
deployed over the course of the year, and the catch per unit effort (CPUE) tracked. A total of 36,244 crabs were 
collected during the management period, six times more than a pre-management population estimate. The 
population was not extirpated and CPUE increased once trapping ceased. The cost of attempting nationwide 
eradication is prohibitive, particularly given the lack of current impacts by this crab in this region and the 
possibility of reintroduction. We highlight key administrative challenges encountered, and the importance of 
such pilot trials in setting long-term goals when attempting alien species management interventions.   
1. Introduction 
Biological invasions have caused notable impacts in marine systems 
(reviewed in Ojaveer et al., 2018). In situations where the impacts 
associated with an invasive species are severe (Frazer et al., 2012), or 
the species is known to be problematic elsewhere (Anderson, 2005), 
management might be deemed necessary. However, attempting such 
management is only worthwhile if it is likely to be effective. The po-
tential effectiveness of management can be assessed in terms of 
administrative and scientific feasibility (for a discussion specifically on 
eradication feasibility, see Panetta, 2009). Administrative feasibility 
considers the logistics of management (e.g. programme duration, 
funding, permitting and personnel). In contrast, the extent of the inva-
sion, the biology of the target species and the availability of appropriate 
control methods determine scientific feasibility. Assessing scientific 
feasibility is often the initial step of management programmes, in 
particular, this involves determining the susceptibility of the target 
species to control techniques (Panetta, 2015). This can be determined 
using previous experience or through field trials undertaken in the local 
context. But prior to the initiation of a long-term or large-scale eradi-
cation programme, there should ideally also be some estimation of the 
administrative feasibility. Unfortunately, such estimations are rarely 
included in scientific literature and data on socio-economic factors are 
often not available (Pluess et al., 2012), though see Panetta et al. (2011) 
and references in Wilson et al. (2017) for examples for plant eradica-
tions. We explore these ideas for invasive European shore crab (Carcinus 
maenas) management in South Africa. 
South Africa has a long history of ecological and socio-economic 
impacts due to biological invasions (van Wilgen and Wilson, 2018), 
and several species have been targeted for eradication (Wilson et al., 
2013). However, there has been no attempted management of a marine 
invasive species either in South Africa or, as far as we are aware, else-
where in Africa. As part of efforts to expand the management of bio-
logical invasions to marine settings, funding was provided by the then 
South African Department of Environmental Affairs through the South 
African National Biodiversity Institute to initiate management efforts on 
marine invaders. As C. maenas had a restricted distribution (Mabin et al., 
2017), but was known to have impacts in several invaded regions 
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globally (Grosholz et al., 2000; Matheson et al., 2016), this species was 
chosen as the management target. 
Various management methodologies for C. maenas have been 
explored (Thresher, 1997), including biological (Murphy and Goggin, 
2000), chemical (Hanks, 1961), and physical control (Duncombe and 
Therriault, 2017). However, the preferred method of control, especially 
in relatively enclosed areas such as bays or harbours, is via traps con-
taining non-poisonous bait (Turner et al., 2016; Duncombe and Ther-
riault, 2017). The success of different management options can be 
context dependent (Shea et al., 2005), and often the most appropriate 
management approaches require a combination of several different 
techniques (Courchamp and Sugihara, 1999). Moreover, as population 
structure, demographics and distribution of invasive species should 
change as management progresses, the efficacy of different control op-
tions might also change (Taylor and Hastings, 2004; Chad�es et al., 
2011). 
The aims of this study were firstly to identify the best management 
practices for C. maenas in South Africa and secondly, to undertake a pilot 
management programme on a small localised population so that the 
scientific and administrative feasibility of eradicating the species from 
South Africa could be estimated. 
2. Methods 
2.1. Target species 
Carcinus maenas is a member of the Portunid family which is native 
to Europe but has a global distribution (Carlton and Cohen, 2003). The 
marine crab has a pelagic larval stage which lasts approximately 40 days 
(Williams, 1967) before the larvae return to inshore waters to settle as 
megalopae (Behrens Yamada, 2001). The megalopae then develop into 
juvenile crabs which can reproduce once a minimum carapace width of 
27 mm is obtained (Mohamedeen and Hartnoll, 1989). A female crab is 
capable of producing two clutches per annum, with a maximum of 185, 
000 eggs per clutch (Broekhuysen, 1936), indicating this species’ po-
tential for rapid population growth. 
2.2. Location 
Carcinus maenas was first detected in South Africa in 1983 (Joska and 
Branch, 1986), but is largely confined to the Table Bay and Hout Bay 
harbours with intertidal populations having declined through time 
(Mabin et al., 2017). Table Bay receives large volumes of international 
shipping traffic, including commercial ships, fishing vessels and yachts. 
This harbour supports the largest and most dense population of 
C. maenas in the country (Robinson, unpublished data 2013). Hout Bay 
harbour is a smaller semi-enclosed harbour, 30 km to the south (Fig. 1). 
The main industries in Hout Bay harbour include tourism, recreational 
boating, and commercial fishing activities (including vessel repairs and 
fish processing factories), but there is limited international traffic. Hout 
Bay harbour was selected to pilot the C. maenas management as the 
harbour is much smaller than Table Bay and the European shore crab 
population in this harbour was thought to contain fewer individuals 
(Robinson, unpublished data 2013). 
2.3. Management plan 
A 2013 mark-recapture survey conducted in Hout Bay, estimated 
that there were 6,656 C. maenas individuals (95% CI: 717–12,595) 
(Robinson, unpublished data 2013). Based on this, a management plan 
Fig. 1. The location of Hout Bay and Table Bay harbours in the Western Cape, South Africa. Carcinus maenas is found in both harbours and has only sporadically been 
observed outside of these harbours (Mabin et al., 2017). The trial management was conducted in Hout Bay harbour. 
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was developed consisting of three proposed phases. The first phase 
involved testing various removal methods used elsewhere (Anderson, 
2005; De Rivera et al., 2007; Hewitt and McDonald, 2013). The second 
phase planned to deploy successful methods targeting both juvenile and 
adult crabs with the aim of significantly reducing the population. The 
goal was to reduce the catch per unit effort (CPUE) to 10% of the 
maximum CPUE recorded. In the third phase, the control measures of 
the second phase were to be supplemented with subtidal collections by 
scientific SCUBA divers to catch any remaining crabs. Four divers were 
to be deployed simultaneously to collect crabs following a 50 m line in a 
grid pattern. Management was to cease once no crabs were detected for 
40 continuous days, i.e. the larval period for C. maenas (Mohamedeen 
and Hartnoll, 1989). Thereafter the population was to be monitored 
every two weeks for the following 12 months. 
Best practice guidelines for the trapping and euthanasia of C. maenas 
were developed in conjunction with the Cape Invasive Alien Animal 
Working Group (Davies et al. in press). This group includes members 
from various academic institutions, employees from provincial govern-
ment and local conservation departments, as well as representatives 
from the Society of Protection and Care of Animals (SPCA). The South 
African National Biodiversity Institute (SANBI) and Stellenbosch Uni-
versity have animal ethics policies regarding research animal euthanasia 
though neither deals with invertebrates. The most comprehensive 
source available was a set of guidelines from Australia & New Zealand 
that explicitly considers various methods for euthanizing crabs (Reily, 
2001). Some of the methods which are listed as recommended (e.g. clove 
oil baths or a fatal injection of Pentobarbitone) were not possible to 
implement at the scale expected in this study. Chilling followed by 
freezing is listed as ‘acceptable with reservations’ (Reily, 2001) and this 
is the standard method of euthanasia for invertebrates used currently in 
scientific research and the food industry in South Africa. Therefore, in 
this study, following removal from the harbour, crabs were placed in 
cool seawater until the end of the day, when they were euthanised via 
freezing. Death was confirmed when crabs ceased movement and the 
onset of rigor mortis was observed. Several specimens were donated to 
local universities for student dissections and school outreach pro-
grammes, reducing the need for the collection of native crab species for 
these purposes. All remaining crabs were incinerated as biological waste 
by the City of Cape Town Invasive Species Unit. 
2.4. Trial of methods 
Four methods for removing crabs were trialled and their efficacy was 
assessed so as to identify the most appropriate for management in the 
South African context (Fig. 2). Both baited traps and crab condos were 
considered because the former rely on the predatory nature of crabs, 
while the latter offer a source of shelter for juveniles which can be 
excluded from baited traps due to competition or cannibalism by larger 
individuals (Miller, 1978). Collection by divers was considered for tar-
geting crabs not attracted to the traps (i.e. those uninterested in feeding, 
trap-shy, or occurring in areas that were out of the range of the traps or 
condos). It was anticipated that this would be particularly useful in the 
open areas of the harbour (with no surface platform) where trapping was 
logistically impossible due to the commercial nature of the harbour. 
Lastly, as C. maenas is known to bury into the benthic substrate (Behrens 
Yamada, 2001), sediment dredging offered an approach to target in-
dividuals that were not visible to the divers. 
2.4.1. Crab condos 
Crab condos (Fig. 2a) were used to target juveniles. Condos were 
soaked for each of 12 h during daylight, 12 h during darkness, 24 h and 
48 h as well as two bait conditions (baited and unbaited), each with four 
replicates. Longer soaks were necessary for these traps as those without 
bait required adequate time to be encountered. In order to avoid the 
theft of traps, this method was trialled in a secure area of the harbour. 
Baited traps contained 75 g of chopped sardines wrapped in nylon ma-
terial. The CPUE was examined with respect to bait condition (two 
levels: baited and unbaited) and soak duration (four levels: 12 h during 
daylight, 12 h during darkness, 24 h and 48 h) in a two-factor gener-
alised linear model (GLM), using a quassipoisson error distribution. 
2.4.2. Baited traps 
To establish the optimal deployment period, the CPUE of baited traps 
(Fig. 2b) was assessed under various soak durations in Hout Bay 
harbour. Three traps were deployed at three locations for each of one, 
two and 4 h (n ¼ 9 per soak duration). Carcinus maenas trapping pro-
grammes typically have longer (i.e. 18–24 h) soak times (De Rivera 
et al., 2007; Duncombe and Therriault, 2017). However, as traps were 
stolen even during daytime, the traps could not be left unattended and 
thus a shorter soak time was necessary. Traps were baited with 200 g of 
crushed sardines. Traps were placed at least 20 m apart, at a water depth 
of 6–8 m. All trials were conducted during daylight hours in a 
soft-sediment benthic habitat. The CPUE was calculated as the number 
of crabs collected per trap per hour and this was log (xþ1) transformed 
to analyse the effect of soak duration on CPUE. As with all statistics and 
population modelling in this study, the analysis was conducted in the R 
statistical environment (R core team, 2016). 
To assess the efficacy of the baited traps, crabs were collected from 
the Royal Cape Yacht Club in Table Bay harbour and put in a 3000 ℓ 
circular tank (diameter 2.75 m, height 0.75 m) with water temperatures 
reflecting fluctuations in ambient temperature. Four densities of crabs 
(12, 24, 48 and 96 crabs per trial) were tested with three replicates of 
each density. After crabs had been allowed a minimum of 12 h to 
acclimatise, a baited trap was deployed in the centre of the tank. After 2 
h (the optimal soak duration determined in the initial trials, see Results 
for further details), the number of crabs captured in the trap was 
recorded. The data were analysed using a one-factor GLM, with a 
binomial, poisson and quasipoisson error distribution to assess the effect 
of crab density on the proportion of crabs caught per soak. 
2.4.3. Diver collections 
In order to determine the efficacy of diver collections (Fig. 2c) as a 
potential management method, empty C. maenas carapaces were placed 
along a 50 m transect line, dorsal surface upwards. Carapaces were 
weighed down with 10 g weights attached to the ventral surface with 
epoxy putty. Each transect had a random combination of nine carapaces 
from each of the four size classes (small �40 mm, medium 41–60 mm, 
large 61–80 mm and extra-large �81 mm) placed randomly up to 1 m 
either side of the transect line. Three scientific SCUBA divers (who had 
successfully collected live C. maenas on previous dives and thus were 
familiar with the target species) conducted three transects each. Empty 
carapaces returned to the surface were recorded as “detected” and any 
remaining carapaces were considered “undetected”. Efficacy of each 
dive was calculated as the proportion of detected carapaces returned by 
each diver relative to the total number of carapaces on the transect line. 
2.4.4. Sediment dredging 
The presence of C. maenas in the sediment in Hout Bay harbour was 
assessed by conducting five replicate transects with a sediment dredge 
(Fig. 2d). The dredge was towed along the seafloor by a boat at a con-
stant speed of 0.28 m/s, and steered by a diver to ensure sediment 
collection to a maximum depth of 0.3 m. Each transect was 0.58 m wide 
and 100 m long. Sediment was sieved through a 0.5 cm mesh layer at the 
base of the dredge and the remaining substrate was manually searched 
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Fig. 2. Survey methods trialled to determine the suitability for crab collection in the South African context; a) Crab condo; b) Baited trap; c) Diver transects; and d) 
Sediment dredge. 
C.A. Mabin et al.                                                                                                                                                                                                                               
Journal of Environmental Management 261 (2020) 110213
5
for C. maenas. Sex and carapace width was recorded for all individuals 
collected in the dredge. The number of crabs captured was examined 
with respect to sex (two levels: male and female) and size (four levels: 
small, medium, large and extra-large) using a two-factor GLM, with a 
quasipoisson error distribution. 
2.5. Management trial 
Management commenced in Hout Bay harbour on June 23, 2014 and 
continued until June 30, 2015 (219 trapping days). The team consisted 
of ten field assistants and one field manager who were employed on a 
full-time basis. A management hiatus of 1.5 months occurred in 
December 2014 and January 2015 due to administrative restrictions 
related to the reissuing of the collection permit by regulatory authorities 
and the appointment of a new field team. 
A total of 100 traps were deployed across the harbour daily, for 2 h 
each. These were placed approximately 20 m apart. Each trap was baited 
with 150–200 g of defrosted, crushed sardines. Crabs that were caught 
were sexed and sized based on carapace width. At the end of the day, all 
crabs caught were euthanised via freezing and then incinerated as bio-
logical waste. 
Following the termination of management, monitoring continued for 
six months (July to December 2015) with 40 baited traps deployed for 2 
h each, once a month. Monitoring reflected 40% of the average daily 
effort recorded during the active management phase. The methodology 
employed was consistent with the removal methods used during active 
management, except all crabs caught were released at the end of each 
monitoring day, to ensure that the number captured the following 
month was not biased by their removal. Monitoring focused on the sites 
identified as the most productive. These sites were deemed optimal 
habitat for the crabs due to the disposal of fisheries discards which 
would provide an easy food source for the crabs. 
The management and monitoring catch data were analysed sepa-
rately as they represent different approaches. Data collected during the 
first six days of the management phase were excluded from all analyses 
as this period was considered a learning period for the field team. Catch 
per unit effort (defined as the number of crabs caught per 8-h day) was 
examined with respect to size (4 levels: small, medium, large and extra- 
large), month (12 levels for the management phase: July 2014–June 
2015; 6 levels for the monitoring phase: July–December 2015) and sex 
(2 levels: male and female) using a three-factor GLM, with a quasi-
poisson error distribution. Pairwise t-tests with Bonferroni corrections 
were used on a post hoc basis. A one factor GLM with a binomial dis-
tribution was used to analyse the effect of month on the number of 
gravid and non-gravid females caught. Month was coded as a factor for 
all analyses. 
2.6. Administrative costs 
Reports of realised management costs for invasive species are often 
excluded from the scientific literature. However, this information is 
extremely useful for future management planning and also to analyse 
the total costs associated with invasive species. SANBI employed all 
personnel involved in the management programme on a contractual 
basis. Salaries ranged from 32.34 to 67.93 South African Rand (ZAR) per 
hour based on educational experience and government-defined pay 
rates. The bursary costs for the lead scientist during the 12 months of 
management was included in lieu of a salary. Equipment was purchased 
prior to management so represented a once-off cost (apart from the 
occasional replacement or repair cost). The bait used daily during the 
management and monitoring phases was a regular expenditure. Storage 
costs included the rental of the space in which the freezer was stored and 
electricity charges associated with this over the period of 18 months. 
Expenses were incurred in transporting the crabs to the disposal facility. 
Disposal fees (for the incineration of the euthanised crabs) were paid by 
the Biodiversity Management Branch of the City of Cape Town but are 
included in the total costs incurred. The costs involved in trialling the 
potential management methods are not included, neither are the costs of 
academic or administrative support. As such the costs presented repre-
sent an estimate of direct costs incurred during the management pro-
gramme only. 
3. Results 
3.1. Trial of methods 
3.1.1. Baited traps 
There was no significant difference in CPUE between the various 
soak durations for baited traps (H ¼ 3.0, df ¼ 2, p ¼ 0.22, Fig. 3.). It is, 
however, notable that the variance was significantly different (F ¼ 0.03, 
df ¼ 26, p < 0.001), declining with increasing soak time. As such, an 
intermediate soak duration of 2 h was selected for practical purposes i.e. 
the time taken to empty and redeploy the traps. 
There was no relationship between crab density and the proportion 
of crabs caught when tested using a generalised linear model with 
binomial errors (Х21,11, p ¼ 0.22), even if only the two lowest crab 
densities were compared Х2df¼1,6, p ¼ 0.13), but there was also only a 
marginally statistically significant increase in the numbers of crabs 
caught with density (F1,11 ¼ 4.6, p ¼ 0.03 from a generalised linear 
model with poisson errors) that disappeared if overdispersion were 
accounted for by using a model with quasipoisson errors (F1,11 ¼ 4.6, p 
¼ 0.16, dispersion ~ 2). This suggests that the baited traps would suc-
cessfully target Carcinus maenas even at low densities towards the end of 
management. As such these were deemed an appropriate method for 
catching the crabs. 
3.1.2. Crab condos 
No C. maenas or native crab species were caught in Hout Bay harbour 
Fig. 3. The effect of trap soak time on the number of crabs caught. There was 
no effect of trap soak time on the log (numbers of crabs caught þ1), F ¼ 2.2, df 
¼ 26, p ¼ 0.15. The line shown assumes the CPUE remains constant over time 
and is extrapolated from the numbers of crabs caught after 1 h. This line sug-
gests that the catch per unit effort declines between two and 4 h soak time, 
although this effect was not statistically significant. Note some jitter is added to 
the x-values to avoid over-plotting. 
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during the 768 h of crab condo deployment. The sardines in the baited 
condos remained untouched at the end of the soak. 
3.1.3. Diver collection 
Divers recovered a total of 55 crab carapaces out of 100 placed along 
a transect line during the efficacy survey, with a median efficacy per 
diver of 56% (ranging from 27 to 83%). In reality, the live crabs would 
be mobile, making them easier to detect if they were to move across the 
diver’s line of sight. However, due to the low efficacy of this method, 
diver removal is not seen as a long-term management option in South 
Africa, particularly not for reducing large populations. 
3.1.4. Sediment dredging 
No life-history stages of C. maenas were present in the dredged 
substrate collected in Hout Bay harbour. Other macrofaunal species 
were retained within the dredge, but this did not include any native 
crabs. 
3.2. Management trial 
3.2.1. Management and monitoring results 
Over a period of 12 months and a total of 219 trapping days, 36,244 
C. maenas were collected in Hout Bay harbour (Fig. 4.). On the 16th day 
of trapping, the maximum daily catch was recorded (1,079 crabs), while 
the lowest daily catch (13 crabs) occurred 361 days after management 
initiation. 
During the monitoring phase, which followed active management, 
the daily catches increased, peaking five months after management was 
terminated when a total of 120 C. maenas were collected. Unexpectedly, 
the crab catches decreased in the last month of monitoring (there was no 
planned reduction in effort). 
Size, sex and month (and the interactions between these main ef-
fects) all significantly affected CPUE (Table S1). CPUE was significantly 
different between all size classes (pairwise comparisons; p < 0.001) 
except for the small and extra-large crabs which both had low CPUE (p 
¼ 0.76). In the first few months of active management, the highest CPUE 
recorded was that of large crabs (Fig. S1). However, the highest CPUE 
recorded towards the end of the management phase was that of medium 
(41–60 mm) crabs. The CPUE of males and females was significantly 
different (p < 0.001), with more females collected than males during the 
first half of the active management phase (Table S1). However, the sex 
ratio of females to males caught per day reached 1:1 as management 
action continued (Fig. S2). CPUE declined significantly among months 
from July to November 2014 (p < 0.001), and thereafter remained at 
low levels. 
During the monitoring phase, the effects of size, sex and month on 
CPUE were significant, as were all interactions, except the three-way 
interaction (Table S2, Fig. S1). CPUE was lowest for extra-large and 
small crabs with no significant difference between these size groups (p ¼
1.0) while catches of medium and large crabs were higher (p ¼ 1.0). The 
CPUE of males was significantly higher than females (p ¼ 0.027). The 
CPUE recorded in November, the second last month of monitoring, was 
significantly higher than all other months (p < 0.001), except for 
October (p ¼ 0.076). Of the total females captured during monitoring, 
1,158 were gravid. Gravid females were found in every month of the 
year with no significant effect of month on the abundance collected (X2 
¼ 288, df ¼ 272, p ¼ 0.242) (Fig. 5). 
The original plan for the management of C. maenas in South Africa 
was to introduce divers for collections once the catches had dropped 
below 10% of the maximum CPUE or daily catch recorded. In this case, 
the maximum CPUE was achieved on day 14, when 7.7 crabs were 
caught per hour of trapping. On day 33, 0.8 crabs were caught per hour. 
However, once the dive team was assembled over the following two 
weeks, the CPUE had increased again to 40–50% of the maximum. This 
increase was most likely caused by fluctuations in catches. At this point, 
it was decided that the 10% maximum CPUE should be sustained for 20 
trapping days prior to diver introduction. The first time that this was 
achieved was on the 133rd day of trapping (following the management 
hiatus from December 2014 to January 2015). However, this coincided 
with a renewal of work contracts for the field team, therefore the trap-
ping programme was continued for a further six months. In addition, the 
costs of hiring a dive team for crab collections were then considered 
prohibitively high (approximately ZAR 6,000 per day). After careful 
consideration of these issues, a decision was made to concentrate solely 
on trapping for the remainder of the programme. 
Fig. 4. Cumulative number of crabs caught during the trial management in 
Hout Bay Harbour. Day 1 was the June 23, 2014 and Day 219 the June 30, 
2015. Gaps in the graph indicate non-trapping days such as weekends and a 46- 
day hiatus over December and January (due to administrative issues). The 
horizontal lines represent the previous population estimates (Robinson, un-
published data 2013): lower dashed line (lower 95% confidence interval); solid 
line (population estimate of 6656) and upper dashed line (upper 95% confi-
dence interval). 
Fig. 5. Patterns in the abundance of gravid and non-gravid female crabs 
captured during management and monitoring in Hout Bay harbour. The total 
counts of gravid females per month are summed for each month and displayed 
with 95% confidence intervals. The total number of non-gravid females is dis-
played above each point. Gravid females were caught in every month. 
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3.2.2. Administrative costs 
The greatest cost of the management phase was for the payment of 
salaries, with this amounting to ~ ZAR 835,000 (Table 1). The total 
person hours worked during the active management period was 18,450 
h. Over the 218 trapping days, the mean daily expenditure on salaries 
was ZAR 3,552. Personnel costs were much lower during the monitoring 
phase, amounting to a total of ZAR 2,350 for the six days of work. As the 
co-ordinator of this programme was financially supported by an 
educational bursary, a salary for a lead scientist is expected to be higher 
than the costs incurred in this project. 
4. Discussion 
Invasive species management programmes must continuously re- 
assess priorities to determine whether management actions should 
continue or whether resources might be better spent on improving 
detection rates or ecological restoration. If time permits, pilot manage-
ment programmes can assist in informed decision-making through the 
collection and analysis of quantitative and qualitative data prior to 
committing to a long-term programme. In this case study, a decision was 
made to cease management after 12 months on several grounds: 1) the 
initially budgeted funds were depleted; 2) the population was much 
larger than previously estimated and thus management would be 
necessary for longer than planned; 3) initial studies suggested that the 
ecological impact of this species in the harbour environment was min-
imal (Mabin unpublished data); and 4) the potential for recolonisation 
was unquantified, although a potential for continued immigration of 
crabs into Hout Bay harbour was recognised. Although extirpation was 
not achieved, valuable insights have been gained that can be considered 
during future management programmes. The decision-making process is 
illustrated in Fig. 6. 
Eradication feasibility can be assessed by taking into account the 
following aspects of an invasion: (1) the biology of the target species; (2) 
the physical and social characteristics of the invasion site; and (3) 
implementation of suitable control methods (Anderson, 2005). Appli-
cation of this framework to the Carcinus maenas invasion in South Africa 
highlights several gaps in scientific knowledge and institutional capac-
ity. For example, although the biology of the target species is fairly well 
known from studies conducted elsewhere, both in its native and invasive 
range (see Behrens Yamada, 2001 for a review), attributes such as the 
timing and rate of reproduction which are often context specific, were 
unknown at the outset of this management programme. Invasive species 
management programmes should target all individuals, including juve-
niles as well as adults of reproductive size [C. maenas is capable of 
reproducing from a carapace width of 27 mm (Mohamedeen and Hart-
noll, 1989)]. Ideally, management action should occur prior to the 
breeding season (Genovesi, 2007; Panetta, 2007; Pardini et al., 2008; 
Wilson et al., 2017), however, in South Africa, C. maenas breeds 
throughout the year (Mabin et al., 2017) so there was no ideal time to 
initiate management. In addition, juvenile crabs were not targeted and 
this likely reduced the probability of extirpation. 
In this study, the social and physical contexts of the site determined 
the management methods selected. High opportunistic crime rates 
around Hout Bay harbour meant that traps were often stolen even during 
daylight hours. While the international practice is to soak C. maenas 
baited traps for approximately 24 h (De Rivera et al., 2007; Duncombe 
and Therriault, 2017), this approach was impractical in this case. As 
such, in an effort to balance the logistical challenges associated with 
short trap deployments while maximising catches, a management de-
cision was made to employ a 2-h soak period for this study. Crab condos 
have been used successfully in Australia to capture small C. maenas 
(Hewitt and McDonald, 2013), as well as in Table Bay (Mabin et al., 
2017). However, the condos were unsuccessful at capturing the crab in 
Hout Bay. It is most likely that the low catch rates reflect their deploy-
ment in an area that was later identified as supporting low densities of 
C. maenas. This was unavoidable as it was the only secure area in the 
harbour in which traps could be deployed with minimal theft risk for the 
longer soak periods they required. 
Marine invasive species have previously been targeted using volun-
teer divers [e.g. the collection of lionfish in the Caribbean (Frazer et al., 
2012) and zebra mussels in the USA (Wimbush et al., 2009)]. However, 
in South Africa, all biological sampling is classified as non-recreational 
diving and therefore, legally, all scientific divers need to be commer-
cially certified, working in a minimum team of four people with mon-
etary reimbursement for their time (Occupational Health and Safety Act 
2002). This has important financial implications for management au-
thorities as the cost of employing a commercial dive team would be 
prohibitive and therefore is not a long-term management option. It 
might, however, be appropriate in areas inaccessible to traps, where the 
aim is to remove the last few individuals, or as a check before declaring 
eradication complete. 
The collection of crabs by sediment dredging was unsuccessful in this 
study. As the dredge was pulled behind a boat, only open areas of the 
harbour could be accessed. The fact that C. maenas commonly avoids 
exposed sandy areas (Hedvall et al., 1998; Moksnes et al., 1998) likely 
explains the absence of crabs in dredged sediments. Therefore, although 
this method of collection is not appropriate for this species, it might have 
more applicability to invasive species that are solely sediment dwelling, 
such as aquatic plants or clams (Eichler et al., 1993). 
While only baited traps were successfully used in Hout Bay, minor 
modifications to the design of these traps might further improve CPUE 
rates. In Canada, the most common baited trap design captured only 
16% of C. maenas individuals that attempted to enter the trap (Berg-
shoeff et al., 2018). The CPUE was increased by 81% through simple 
design modifications (Bergshoeff et al., 2019). If a future attempt was 
made to eradicate the crabs from elsewhere, a mix of capture strategies 
would be recommended. The utilisation of a combination of methods 
has previously been highlighted as the most appropriate approach to 
management (Courchamp and Sugihara, 1999; An et al., 2007). This 
study has indicated that it would be best for future Carcinus management 
programmes to use baited traps on a daily basis with divers employed 
strategically, and crab condos used where they are found to be effective. 
In addition to the factors considered by Anderson (2005), this study 
highlighted the importance of project administration and continuity. 
Sufficient financial support is key to successful invasive species man-
agement (Myers et al., 2000) although it is often challenging to secure 
Table 1 
Daily and total costs [in South African Rand (ZAR) at 2016 levels] from the active management and monitoring phases. The total for both phases at 2019 values is ZAR 
1,033,333.  
Category Management daily Management total Monitoring daily Monitoring total Grand total 
Salaries (research assistants) 3,278 734,250 392 2,350 736,600 
Salary (Lead scientist) 274 100,000 0 0 100,000 
Equipment 32 7,201 0 0 7,201 
Storage 37 8,269 530 3,181 11,450 
Transport 7 1,566 65 393 1,958 
Bait 52 11,612 17 102 12,559 
Disposal 50 11,194 0 0 11,194 
Total ZAR 3,730 ZAR 874,092 ZAR 1,004 ZAR 6,025 ZAR 884,632  
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funds, especially when these are linked to predefined financial periods 
and political objectives. Given that extirpation was unsuccessful, it is 
likely that successful management would require considerably more 
effort and thus the associated costs would be higher. Such costs should 
also be considered in the context of a national eradication programme, e. 
g. if Table Bay harbour were targeted as well, then costs would increase. 
Volunteers or citizen scientists are often utilised for conservation work 
in developed countries (Scyphers et al., 2015) and such programmes 
have been undertaken to monitor terrestrial systems in South Africa 
(Barnard et al., 2017). Citizen scientists were used successfully for 
monitoring C. maenas in the USA (Delaney et al., 2008). Based on the 
experience gained in this project, it is suggested for future management 
that personnel be employed where costs and circumstances allow and 
then volunteers be used to assist with any gaps in staffing. Ideally, 
Fig. 6. Key steps made during the management trial of Carcinus maenas in South Africa. This process led to the ultimate decision that eradication of the crab was 
infeasible given the current distribution, and not a priority given the apparently low threat. Dotted lines indicate processes that are not explicitly part of this paper, 
but part of the overall decision-making process. 
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employment contracts should be linked to the proposed duration where 
possible. If an invasion requires a rapid response, confirmation of con-
tracts could be challenging to organise at short notice, but every effort 
should be made to do so. In South Africa, anybody employed for more 
than three months is automatically considered permanent staff (Basic 
Conditions of Employment Amendment Act, 2002). If the duration of 
management programmes is increased, legally, temporary staff must be 
made permanent. This then has financial implications for the manage-
ment authority as permanent employees are entitled to benefits. If it is 
necessary to maintain short contracts for these legal reasons, there must 
be an adequate hand-over period to ensure that skills are not ‘lost’ when 
new staff are employed. In addition to employment contracts, similar 
problems can arise with the issuing of research permits. In South Africa, 
in order to conduct any biological research or management, the gov-
ernment must issue a permit for such work. The current research permit 
system is very rigid: permits are issued for a maximum of twelve months 
and expire at the end of the calendar year. If permits could reflect the 
proposed project duration, this would reduce the risk of any unnecessary 
delays as well as reducing the administrative workload. 
5. Conclusion 
Most of the successful marine eradication programmes to date have 
targeted newly detected species (Anderson, 2005; Bax et al., 2002; 
Wotton et al., 2004; Miller et al., 2004; Hopkins et al., 2011), with one 
exception where a locally established pest was discovered at an aqua-
culture facility and the intertidal surrounding area (Culver and Kuris, 
2000). If the target species is well established, such as Carcinus maenas in 
South Africa, there is usually no time pressure to initiate management 
immediately. Therefore, the most effective control methods can be tri-
alled in the local context. This provides a strong basis for scientifically 
informed management decisions. In contrast, if a species is recently 
detected, time is usually limited and thus management relies on methods 
tried and tested elsewhere. These might not be as effective in a different 
context, therefore adequate monitoring will be crucial in such situations 
to ensure control efforts are adaptive. Eradication might still be possible 
without this targeted methodology, but management goals are likely to 
take longer to achieve. 
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